Lupinus species are commonly used as annual forage and for grain production. They are considered alternative crops to soybean due to their adaptation to cool environments and dry soils. The present study is an analysis of the chemical changes coming from biomass removal in a sweet genotype of Lupinus angustifolius. Mechanical damage induced significant increases in antioxidant activity (12.4%), as well as in flavonoid and phenolic content (36.6% and 12.0%, respectively). This sweet lupin also exhibited a higher induced response (68.2%) in the alkaloid content after the damage. These same alkaloids were identified in the control samples and all of them, except lupanine, showed higher relative abundances in response to mechanical damage. Traces of a-isolupanine were detected in control samples and showed a 23.5-fold increase in response to biomass removal. Mechanical damage also produced a striking increase (8.6-fold) in relative abundance of genistin.
M ost secondary m etabolites represent adaptive traits th a t have gone through continuous diversification during evolution by natu ral selection in order to protect plants against abiotic factors (Chludil et al. 2008; Leicach et al. 2010) , viruses, bacteria, fungi, and particularly herbivores (Vilarino et al. 2005) . Inducible defenses can play different roles such as those o f toxins, antifeedants, and antinutrients am ong them (W ink 2003) .
Lupinus genus (Legum inosae -Papilionoideae) is a m em ber o f the tribe Genisteae (family: Fabaceae). W hite lupin (Lupinus albus L.), yellow lupin (Lupinus luteus L.), and narrow -leafed or blue lupin (Lupinus angustifolius L.) are em ployed as a protein source for both anim al and hum an nutrition, n o t only for their nutritional value (high in protein, lipids, and dietary fiber), b u t also for their adaptability to m arginal soils and climates. A lthough white lupin exhibits higher grain yield and protein content, narrow -leafed lupin has proved to grow faster and to be m ore resistant to disease (D racup and K irby 1996) . The latter, L. angustifolius L. is com m only used as a dualpurpose crop: as green biom ass in annual forage as well as grain yield. Some Lupinus species are currently considered emerging alternative crops to soybean, because o f their easy ad ap tatio n to cool environm ents and dry soils. This crop is n o t widely cultivated in A rgentine at present however; conditions seem to be favorable to introduce it in m any o f its regions. Several field trials were previously perform ed to evaluate the requirem ents and yields for different Lupinus genotypes (Vilarino and R avetta 2008) .
M ost species w ithin Legum inosae are know n to produce chemical defenses against herbivores and pathogenic m icroorganism s, particularly phenylpropanoid derivatives (coum arins, flavonoids, and isoflavonoids) and alkaloids (A oki et al. 2000; D ixon et al. 2002; W ink and M oham ed 2003) . A lkaloids are responsible for the bitter taste and low palatability in Lupinus species. P lant breeders have developed sweet lupins (alkaloid concentration in seeds below 0.05% ) with higher palatability bu t showing m ore vulnerability to insect attack and herbivory (W ink 1992; Lee et al. 2007) .
Lupinus species are characterized by the p roduction o f quinolizidine alkaloids (QAs), which have been used for chem otaxonom ic classification (W ink et al. 1995) . Several authors have reported antiviral, antibacterial, and antifungal properties for these nitrogenated com pounds (W ink 2003; Erdem oglu et al. 2007; B erm udez-Torres et al. 2009) .
A m ong phenylpropanoid derivatives, isoflavonoids are know n to be essential for Fabaceae survival due to their n atu ral role in rhizosphere plant-m icrobial interactions. Their contribution to plant defense strategies as antifungal and anti-feeding agents seems also im p o rtan t (A oki et al. 2000; C ardoza et al. 2005) .
D ynam ic aspects o f isoflavonoid production can be analyzed in term s o f Lupinus species defense m echanism s, as their production has been proved to be regulated by different kinds o f stress caused by biotic an d /o r abiotic factors (B ednarek et al. 2003) . F o r example, isoflavone content in Lupinus leaves and other plant organs has been show n to vary with tem perature, light exposure, drought, and frequency o f pathogens an d /o r herbivore attack (Bednarek et al. 2003 ; V on Baer et al. 2006) .
Isoflavone content also depends on the ontogenic state o f the plant. C haracterization o f individual isoflavones has been carried out m ainly on young lupin plants grow n in laboratory conditions or openfield experim ents (D 'A gostina et al. 2008) .
A previous rep ort show ed changes in alkaloid profiles in two Lupinus species o f leaves produced by Anticarsia gem m atalis attack, also describing their effects on subsequent herbivory (V ilarino et al. 2005) . Increm ents in the alkaloid content following herbivory seem to im prove plant resistance to subsequent caterpillars attack, suggesting th a t they play an active role in these species defensive strategies. H ow ever, changes in other potential chemical defenses were not evaluated (V ilarino et al. 2005) .
The aim o f this study was to evaluate changes in chemical defenses from L. angustifolius G ungurru genotype aerial parts in response to mechanical damage.
M aterials and methods

General
A nalytical solvents were purchased from Sintorgan (Chem ical C enter SR F, Buenos Aires, A rgentina). Kieselgel 60 F 2 5 4 T F C alum inum sheets for thin layer chrom atography were purchased from M erck (R esearch A G , Buenos Aires, A rgentina). Chem ical standards and reagents, such as l,l-d ip h en y l-2 -picryl-hydrazyl (D PPH ), Folin and Ciocalteu reagent, quercetin, ascorbic acid, butylated hydroxytoluene (BHT), genistin, genistein, kaem pferol-3-O-glucoside, and chlorogenic acid hem ihydrate were purchased from Sigma A ldrich S.A. (Buenos Aires, A rgentina).
Plant material and treatments
Lupinus angustifolius G ungurru (G u) is an A ustralian genotype th a t has a short grow th cycle in Buenos Aires (85 days at a m ean tem perature o f 14.4 °C) (Vilarino and R avetta, 2008) . Tw enty plants per square m eter were sown in a silty clay loam soil (A rgiudoll, pH : 6.5) in an experim ental field located in Buenos Aires, A rgentina (34° 37' S, 58° 20' W ). Seeds were inoculated w ith Bradyrhizobium spp. strains specific for Lupinus provided by R izobacter A rgentina S.A.
T he experim ental design was a split-plot w ith four replications. Plants were harvested during the beginning o f flowering excluding those showing evidence o f insects attack.
The chemical analysis was perform ed on aerial parts from plants th a t were previously subjected to m echanical dam age (D) and undam aged samples were used as controls (C). Five D samples (20% shoot length rem oved) and five C samples were random ly harvested 1 0 days after cutting treatm ent. Biomass rem oved included the m ain apex, stems, and leaves from the upper shoot. The cutting level resem bled th a t o f biom ass loss caused by large herbivores (sheep, cattle) attack.
The relative abundances o f the m ost com m on phytoalexins and the antioxidant capacity were evaluated in Lupinus aerial parts samples 10 days after m echanical dam age and were com pared to the corresponding values obtained from control samples.
Chemical extraction
D ry plant m aterial (10 g) was milled and subm itted to continuous extraction w ith light petroleum ether ( 6 h) using a Soxhlet apparatus in order to exclude lipidic com ponents. R em aining plant m aterial was then extracted by the same procedure b u t using m ethanol as a solvent ( 6 h). The corresponding crude extract was evaporated to dryness under vacuum conditions at 40 °C, and processed further to separate alkaloids. M ethanolic dry extract was dissolved in w ater, acidified w ith 5% HC1 up to pH 2, and extracted w ith chloroform (3 x ) . Acid aqueous solution was alkalinized up to pH 14 w ith N H 4O H and then extracted w ith chloroform (3 x ) to obtain the alk aloid extract (AE). The resultant alkaline aqueous solution was neutralized and then extracted w ith EtA cO :«-BuO H (2:1) (3 x ) to obtain the polar extract (PE) th a t was analyzed further to detect phenylpropanoid com pounds.
Extracts A E and PE were analyzed by chrom atography on Kieselgel 60 F 2 5 4 T L C alum inium sheets. C hrom atogram s were visualized by U V light an d /o r by a chrom ogenic reaction w ith b o th D raggendorff and G ibbs reagents to detect alkaloids and phenolic com pounds, respectively. A lkaloid and phenylpropanoid profiles, as well as phenolic content (PC) and flavonoid contents (FC) were determined in all samples.
D P P H radical-scavenging assay ( D P P H -R S A )
D PPH -R S assay m odified m ethod (Brand-W illiam s et al. 1995) was perform ed to detect antioxidant com pounds know n to reduce the stable D P P H free radical. A ntioxidant E C 50 values were calculated by lineal regression from plots, where the x-axis represented the concentration o f tested plant extracts and positive controls and the y-axis the average percent of scavenging capacity.
Determination o f phenolic content ( P C )
P olar extract PC values were determ ined according to Swain and Hillis (1959) m odified m ethod. P E was dissolved in m ethanol (10 m g m l -1 ). A 100 pi aliquot o f each extract was m ixed w ith 50 pi 2N FolinCiocalteu reagent and 500 pi IN sodium carbonate solutions, and then bro u g h t to 5.0 m l w ith deionized w ater. Each solution was allowed to stand at room tem perature for one hour and its absorbance was m easured at 725 nm , using a spectrophotom eter (H ew lett-Packard M odel 8453). PC d ata were expressed as chlorogenic acid pmols equivalents g -1 D M , by extrapolation from the correlation curve.
Determination o f P C
Flavonoid content was determ ined using the alum inum chloride colorim etric m ethod described by C hang et al. (2002) . One and h a lf m illiliter o f 95% alcohol, 0.1 ml 10% alum inum chloride hexahydrate, 0.1 ml 1 M potassium acetate, and 2.8 ml o f deionized w ater were added to 0.5 m l o f a 0.1 g m l-1 solution of each sample in deionized w ater. A fter 40 m in incubation at room tem perature, absorbance was m easured at 415 nm in a spectrophotom eter (H ew lett-Packard M odel 8453), using deionized w ater as blank. E xtrapolations from a quercetin standard curve (0-50 pg m l-3 ) allowed us to obtain F C values, expressed as m illigram quercetin equivalents (QE) g -1 D M .
Phenylpropanoid H P L C analysis
Each sam ple was dissolved in m ethanol (5 m g m l-3 ) and analysis was perform ed in a high-pressure liquid chrom atograph (H PLC ), A gilent 1100 A series equipped w ith a U V detector (Agilent Technologies, Inc., W ilm ington, D E , U SA ), using an Eclipse X D B-C18 reversed phase H P L C colum n (5 pm , 4.6 x 150 mm). The m obile phases included degassed solutions o f solvent A (0.1 % glacial acetic acid in M illi-Q w ater) and solvent B (0.1% glacial acetic acid in acetonitrile). Follow ing the injection o f 5 pi o f the sample, solvent B was increased from 15 to 45% over 40 m in and then held at 45% for 10 m in. The solvent flow rate was 1 m l m in ~l. The wavelength o f the UV detector was set at X 270 nm . Solvent ratios were expressed on a volum e basis. The same procedure was applied to stan d ard com pounds solutions (0-100 pg m l-1 ).
C om pounds were identified by their retention times and by co-chrom atography w ith com m ercial standards (genistin, genistein, and kaem pferol-3-Oglucoside).
Total alkaloid content
A weighted fraction o f each A E was dissolved in CHC13 and analyzed by gas chrom atography (GC) w ith a G C 6890N A gilent Technologies (Agilent Technologies, Inc., W ilm ington, D E , U SA ) using H P-5 (30 m x 0.25 m m i.d. x 0.25 pm) capillary colum n w ith 1:20 split ratio and helium as carrier gas; flow rate: 1 m l m in -1 ; injector tem perature: 250 °C and detector tem perature: 280 °C. T em perature program : isotherm al at 120 °C for 2 m in, 120 °C to 300 °C at a rate o f 6 °C m in -1 ; then 10 m in isotherm al. T otal alkaloid content was calculated on the basis o f the sum o f individual alkaloids peak areas in the G C chrom atogram , and the value was related to weighted dry m atter (D M ).
Gas chromatography -mass spectrometry alkaloid analysis
A lkaloids analysis was perform ed on a G C 6890N A gilent coupled w ith a M S 5973 (Agilent T echnologies, Inc., W ilm ington, D E , U SA ) using H P-5 ms (30 m x 0.25 m m i.d. x 0.25 pm) capillary colum n and same chrom atographic conditions. The interface temp erature was 300 °C, and the acquisition was from m /z 40 to 560 U M A . Electron im pact m ass spectra were recorded at 70 eV. A lkaloids structures were te n tatively identified according to their m ass fragm entation through library search (N ist M ass Spectral D atabase Ms Search v. 1.6d 98. L) and by their K ovats indexes, which were determ ined by co-chrom atography w ith a m ixture of linear alkanes: pentadecane ( C l5), docosane (C22), tetracosane (C24), triacontane (C30), and hexatriacontane (C36). M ass spectral d ata were further confirm ed by com parison w ith literature d ata (W ink et al. 1995) .
Statistical analysis
D a ta is reported as m ean values ± standard deviation o f four independent extractions, and activity m easurem ents were done in four replications. A nalysis o f variance was perform ed for all d a ta using G eneral Linear M odel. M ean values were com pared by least significant difference (LSD ) at 0.05 p ro bability level (Tukey's test -InfoStat/Professional, Version 1.1, 2002). Table 1 shows the chemical d ata and antioxidant capacity o f L. angustifolius G u n g u rru samples. G u PE showed a concentration-dependent on antiradical activity. G u control samples exhibited a free radical scavenging capacity w ith E C 5 0 m ean value o f 677 ± 19 jag m l-1 . M echanical dam age produced a significant increase o f antioxidant activity (12.4% ) w ith E C 5 0 m ean value o f 593 + 34 pg m l-1 for D samples.
Results
D P P H radical-scavenging activity
B utylated hydroxy toluene (EC 5 0 10.81 pg m l -1 ) and ascorbic acid (EC50 5.94 pg m l-1 ) were used as positive controls showing free radical scavenging activities 55-to 100-fold higher th a n all studied samples.
Phenolic content (P C )
Phenolic content values exhibit a m oderate increm ent ( 1 2 % ) in response to biom ass rem oval treatm ent (Table 1) .
Flavonoid content (F C )
M echanical dam age produced an increase (36.6% ) in G u samples F C , w ith a m ean value o f 28.0 + 2.1 quercetin m illigram equivalents g -1 D M (Table 1) .
Total alkaloid content
G u ngurru, showed a low alkaloid content 0.44 + 0.07 m g g ~~1 D M (Table 1) . H ow ever it exhibited inductive increases (6 8 .2 % ) in alkaloid content after m echanical dam age in newly produced tissues (Table 1) . Similar results were reported in previous w orks (W ink 1983; V ilarino et al. 2005; Chludil et al. 2009 ).
Phenylpropanoid FIPLC profiles
H igh-pressure liquid chrom atograph analysis allowed the identification o f two isoflavonoids, genistin (genistein-7-O-glucoside) (1) and genistein (3), and a flavonoid, kaem pferol-3-O -glucoside (2) in L. angustifolius G ungurru genotype PE (Figure 1) . U ndam aged G u samples (C) showed kaem pferol-3-O-glucoside as the m ajor phenylpropanoid (2.39 + 0.66) while both isoflavonoids presented lower relative abundances, genistin (1.83+0.63), and genistein (1.29 + 0.16). M echanical dam age triggered a striking increm ent in genistin relative abundance (8 .6 -fold) w ith a lower increm ent in genistein (56% ) and w ithout significant changes in kaem pferol-3-Oglucoside relative abundance (2.19 + 0.83).
A lkaloid profiles
G as chrom atography alkaloid analysis o f G u samples revealed the presence o f eight alkaloids. G C -M S analysis showed th a t six o f them exhibited tetra cyclic structures including one tigloyl-ester derivative (Figure 1 M ost im portant alkaloids in G ungurru control samples (C) were 13-tigloyloxylupanine (44.9% ) as the m ajor alkaloid followed by lupanine (17.2% ), 11,12-dehydrosparteine (13.6% ), tetrahydrorhom bifoline (12.1% ), 13a-hydroxylupanine (8.5% ), and sparteine (1.8% ). A ngustifoline and a-isolupanine relative abundances were lower th a n 1% (Table 2) .
T he same alkaloids were identified in control and m echanical dam aged samples, m ost o f them showing higher relative abundances in the latter. W ith the exception o f sparteine, m ost o f the alkaloids exhibited Figure 1 . Lupinus angustifolius Gungurru genotype chemical defenses. Note: 1, genistein-7-O-glucoside; 2, kaempferol-3-O-glucoside; 3, genistein; 4, sparteine; 5, 11,12-dehydrosparteine; 6, Tetrahydrorhombifoline; 7, angustifoline; 8, a-isolupanine; 9, lupanine; 10, 13a-hydroxylupanine; and 11, 13-tigloyloxylupanine.
an increase in their relative abundances higher than 6% . A striking increm ent was detected for a-isolupanine (23.5-fold) and also for angustifoline (10.6-fold).
Significantly higher relative abundances were also found in the treated group for other alkaloids: m ore th an threefold (379% ) for 13a-hydroxylupanine, 107% for tetrahydrorhom bifoline, 100% for sparteine, and 82% for 11,12-dehydrosparteine. N o significant difference was observed in 13-tigloyloxylupanine relative concentration (6.4% ). L upanine was the only alkaloid showing a significantly lower concentration in dam aged G u samples com pared to control ones (C).
Discussion
The tw o m ain responses o f plants to herbivory are tolerance (i.e. the ability to su p p o rt a certain level o f dam age by activating prim ary m etabolism , also know n as com pensation), and evasion (i.e. biochemical changes related to increm ents in chemical defenses) (Kessler and Baldwin 2002; N unez-F arfan et al. 2007 ). B oth m echanism s vary according to the species and type o f herbivore.
Increm ents o f herbivore-induced chemical defenses in leaves m ay render in a less palatable plant for future potential herbivores. This resistance m ay involve increased toxicity an d /o r decreased nutritive quality o f leaves (R asm ann and A graw al 2009).
Plants rarely produce a single class o f defensive com pounds. In fact, they usually biosynthesize several families o f com pounds th a t m ay be selectively induced in response to biotic stresses (W ittstock and G ershenzon 2002) . QAs and phenolic com pounds, particularly isoflavones, play an im p o rtan t role in the biochem istry and physiology o f species w ithin the Fabaceae family. In agreem ent w ith previous reports, the results on this paper show th a t alkaloid and phenylpropanoid profiles change in response to biotic stress factors (Pilewska et al. 2002; B ednarek et al. 2003; V ilarino et al. 2005; Chludil et al. 2009 ). Secondary m etabolite levels are know n to depend on m any factors including organ, developm ental stage, and leaf age am ong others (W ink and H a rtm a n n 1982; A oki et al. K atagiri et al. 2000; Lee et al. 2007; D 'A gostina et al. 2008) . QAs and isoflavonoids are biosynthesized w ithin the chloroplasts o f active photosynthetic tissues and accum ulated in different proportions in plant organs.
Samples o f L . angustifolius G ungurru genotype showed, as expected from sweet varieties, low alkaloid content. This content significantly increased w hen the plant was subjected to m echanical dam age. T he m ain com ponent in C and D samples was 13-tigloyloxylupanine. N o new alkaloids were found as a result o f m echanical dam age. The significantly lower lupanine relative abundance in D samples (0.049 + 0.009) com pared to the corresponding value in C samples (0.077 + 0.007) m ight be partially related to the increase o f its derivatives 13a-hydroxylupanine, isolupanine and 13-tigloyloxylupanine abundances in the same sam ples, as it is their m etabolic precursor. These results are in agreem ent w ith d ata reported by W ink (1983) . M ulbauer also reported high proportions o f derived esters such as 13-tigloyloxylupanine, 13-benzoyloxylupanine, 13-trans-cinnam oyloxylupanine, and 4-acetoxylupanine for the same species (M ulbauer et al. 1987) .
A lkaloid diversity seems to be correlated to herbivory resistance. In the case o f lupin, such variability m ay play an im p o rtan t role in the defense against biotic stresses (A dler and K ittelson 2004). It was previously dem onstrated th a t induction o f alkaloid production triggered in L. albus by A . gemmatalis a ttack resulted in an effective way to avoid further dam age by the same species (V ilarino et al. 2005) . D uring the present bioassay, G ungurru samples exhibited an increase o f 68,2% in total alkaloid content, after being subjected to a cutting level resem bling th a t o f a large herbivore attack. This suggests th a t QAs m ight still play a role in this genotype resistance at ten days after dam age.
M echanical dam age also resulted in a higher biosynthesis o f phenolics and isoflavonoids in the newly produced tissues. G ungurru C samples p roduced kaem pferol-3-O -glucoside as the m ajor phenylpropanoid derivative followed by genistin and genistein. It has been suggested th a t the level of induction o f phenylpropanoid m ay depend on every particular herbivore attack. H igh levels o f these com pounds have been correlated w ith oxidative stress produced by herbivore dam age (Adler and K ittelson 2004; C ardoza et al. 2005) .
A high free radical quenching capacity was correlated in D samples w ith high levels o f phenolics and phenylpropanoids. The antioxidant activity did n o t seem to be affected by the im portant increase found in isoflavonoids abundances. Isoflavonoids have been reported to be less active tow ards D P P H assay th an some flavonoids and phenolic acids. M oreover, their glycosilated derivatives have been proved to be even less active th an non glycosilated ones. In fact, it was recently reported th a t glucose linkage can reduce fifty to one-hundred times the antioxidant potential o f isoflavones (Zheng et al. 2010) .
It has been stated th a t isoflavonoids display negative effects on herbivores, in general. (Sim m onds and Stevenson 2001; K arow e and R adi 2011). F o r example, genistein and rutin exert deleterious effects on different insects feeding on Legum inosae. G enistin relative abundance has also been correlated to the resistance displayed by some soybean genotypes to pathogens (Piubelli et al. 2005) .
N evertheless, the presence o f kaem pferol glycoside does n o t seem to deter the herbivore attack to Glycine m ax, suggesting th a t they do n o t represent an im portant defensive strategy in this particular species. C han et al. (1978) early observed th a t kaem pferol was less toxic to H eliothis virescens, H eliothis zea, and Pectinophora gossypiella th an quercetin-based compounds exhibiting a catechol group. This reduced defensive capacity m ight help to understand the fact th a t no significant differences in kaem pferol glycoside relative abundance were observed w hen com paring G ungurru C and D samples, suggesting th a t it does n o t play a defensive role in this L . angustifolius sweet genotype.
E nvironm ental factors, along w ith genetic factors, seem to play an im portant role in determ ining alkaloid and phenylpropanoid profiles in L. angustifolius sweet genotype. Results on this paper m ay contribute to clarify chemical changes involved in the complex interactions between herbivores and plant defenses, where phenotypic traits are usually determ ined by a particular com bination o f b o th environm ental and genetic factors.
T he detection and identification o f secondary m etabolites, which are m odulated by biochem ical changes and take place after m echanical dam age, contribute to increase knowledge on the defense m echanism s o f this species, thus providing potentially useful inform ation to develop m ore resistant cultivars in crop breeding program s.
